Frerking, Matthew, Salvador Borges, and Martin Wilson. Are in evoked response amplitude histograms, almost invariant. some minis multiquantal? J. Neurophysiol. 78: 1293 Neurophysiol. 78: -1304 Neurophysiol. 78: , 1997 Minis would show much greater variability than individual The amplitude distribution of miniature postsynaptic currents quanta, because the probabilistic release from multiple sites (minis) in many central neurons has a large variance and positive would generate minis that represented responses to a variable skew, but the sources of this variance and skew are unresolved. number of quanta. This scheme allows for the possibility Recently it has been proposed that spontaneous Ca 2/ influx into a that the distribution of mini amplitudes should have not only presynaptic bouton with multiple release sites could cause spontaa high variance, but also a positive skew, as is actually the neous multiquantal minis by synchronizing release at all sites in case for many kinds of central neurons (reviewed in Stevens the bouton, accounting for both the large variance and skew of the 1993). It also provides an explanation for the observation mini distribution. We tested this hypothesis by evoking minis with internally perfused, buffered Ca 2/ and the secretagogue a-latro-that, in some preparations, the amplitude distribution of toxin, both in the absence of external Ca 2/ . With these manipulaminis sometimes shows multiple peaks (Bekkers et al. 1990 ; tions, the synchronized release model predicts that the mini distri- Edwards et al. 1990; Frerking et al. 1995; Korn et al. 1993;  bution should collapse to a Gaussian distribution with a reduced Lewis and Faber 1996; Ropert et al. 1990; Silver et al. 1992 ; coefficient of variation. Contrary to this expectation, we find that Ulrich and Lüscher 1993), although it is not clear whether mini amplitude distributions under these conditions retain a large these peaks are due to genuine multimodality or sampling variance and positive skew and are indistinguishable from amplierror (Bekkers and Stevens 1994; Frerking et al. 1995) . tude distributions of depolarization-evoked minis, strongly sug-How might the spontaneous, probabilistic, synchronous gesting that minis are uniquantal. release of quanta be coordinated at multiple sites? The only endogenous signal known to cause synaptic transmitter release is Ca 2/ , and it is argued that such a synchronization I N T R O D U C T I O N could be generated by spontaneous and transient influxes of Ca 2/ through single Ca 2/ channels. Because presynaptic It is widely accepted that transmitter release at synapses occurs in multimolecular, quantal packets. The main experi-Ca 2/ buffering in central neurons may be weak (Borst et al. 1995) , these spontaneous Ca 2/ transients could cause nearly mental basis for this hypothesis is that at the neuromuscular junction the amplitudes of postsynaptic responses to presyn-simultaneous increases in Ca 2/ at multiple neighboring release sites. A further measure of credibility for this model aptic stimulation occur in integer multiples of the amplitude distribution of spontaneously occurring ''miniature'' post-comes from the observation that single synaptic boutons sometimes contain more than one release site (Korn et al. synaptic currents, or minis (del Castillo and Katz 1954) . At many central synapses, however, this simple and compelling 1994; Sorra and Harris 1993) .
In this paper, we test this ''synchronized release'' model observation has not been reproduced. At those central synapses where the uniquantal distribution has been estimated in cultured retinal amacrine cells, a preparation in which neurons may be well voltage clamped and in which we have from quantal analysis, quantal peaks are associated with very little variance (reviewed in Frerking and Wilson 1996a) , already shown that mini amplitudes are highly variable (Frerking et al. 1995) . Because it is a transient, local in-implying that quanta are uniform in size. In contrast to this finding is the observation that minis are far from uniform in crease in Ca 2/ concentration that is postulated to synchronize release, we would expect that coordinated release from amplitude, so much so that one would expect quantal peaks to be unresolvable (reviewed in Stevens 1993) . This expec-multiple sites would not be possible if release were triggered by internally perfused, buffered Ca 2/ in the absence of exter-tation is reinforced by evidence suggesting that even single boutons produce highly variable minis (Bekkers et al. 1990 ; nal Ca 2/ and that minis elicited by this method should become smaller, less variable, and distributed normally if the Liu and Tsien 1995; Vogt et al. 1995) .
One possible explanation for this discrepancy is that the synchronized release model is correct. The same changes should also be observed if minis are elicited by Ca 2/ -inde-mini distribution is not a strictly uniquantal distribution. As recently proposed, the results from quantal analysis could pendent means. We therefore examined minis elicited by internal Ca 2/ perfusion and the Ca 2/ -independent secreta-be reconciled with the variance of the mini distribution if minis were not single quantal responses but rather resulted gogue latrotoxin. Contrary to the predictions of the synchronized release model, we find that the mini distributions elic-from the synchronous, probabilistic release of multiple quanta from neighboring, but separate, release sites (Ed-ited under these conditions retain a significant skew, a large variance, and a nonnormal shape; moreover, they are not wards 1995a,b; . According to the simplest rendering of this idea, the quanta composing minis and resolvably different from minis elicited by depolarization in the presence of external Ca 2/ . evoked responses ought to be identical and, as measured Cells with highly atypical properties [ for example, cells with a M E T H O D S high frequency of minis at 070 mV or minis that persisted in the Cell culture and electrophysiology absence of external Ca 2/ even in the absence of perfused, high internal Ca 2/ concentrations, or cells with abnormally large (ú1 Dissociated retinas of embryonic day 8 chick embryos were nS) mean mini amplitude] were also excluded from this analysis. plated on culture dishes at low density as described previously Depolarization-evoked mini frequencies were measured by count- (Gleason et al. 1993 (Gleason et al. , 1994 and used after 7-10 days in culture. ing the average number of minis present during repeated iterations Amacrine cells were identified as described previously (Gleason of a 1.3-s voltage step from a holding potential of 070 mV. Latroet al. 1993 Latroet al. , 1994 , and cells with long processes (ú60 mm) were toxin-and perfusion-evoked mini frequencies were measured by not used to avoid problems with both space clamp and equilibration breaking the entire data record into 5-or 10-s blocks and counting of internal perfusate. Unwanted currents were blocked in all soluthe number of minis in each block. Cells were included in our tions with sodium and potassium channel blockers. The solutions estimates of average maximum frequency even if they showed no used for depolarization-evoked release contained: internally-64.5 minis in response to internal perfusion of Ca 2/ . In cells with very mM CsCl, 75.5 mM cesium methanesulfonate, 5.0 mM tetraethyllow internal Ca 2/ concentrations (1 nM), where most cells showed ammonium chloride (TEACl), 1.0 mM CaCl 2 , 2.0 mM MgCl 2 , no minis in response to perfusion, it was independently verified 11.0 mM ethylene glycol-bis(b-aminoethyl ether)-N,N,N,N-tetthat these cells were capable of releasing quanta in response to raacetic acid (EGTA), and 10.0 mM N-2-hydroxyethylpiperazinedepolarization in the presence of external Ca 2/ . N-2-ethanesulfonic acid (HEPES); externally-50 mM N-Amplitude distributions were analyzed as described previously methyl-glucamine chloride, 72.2 mM sodium methanesulfonate, (Frerking et al. 1995) , with the use of the Kolmogorov-Smirnov 20.0 mM TEACl, 3.0 mM CaCl 2 , 0.41 mM MgCl 2 , 5.6 mM glutest with a test statistic of a Å 0.05. Amplitude distributions were cose, 3.0 mM HEPES, and 300 nM tetrodotoxin. All solutions constructed only from recording periods where the mini frequency had a pH of 7.4 and osmolarity of 270-290 mosM. Zero-Ca 2/was very roughly 1 Hz. Because two minis could be resolved as containing external solutions used for testing the Ca 2/ dependence separate if they occurred ú2 ms apart, this restriction allows us to of depolarization-evoked minis and currents in response to bathcalculate that õ1% of the observed minis represent the chance applied g-aminobutyric acid (GABA) were the same, except that occurrence of multiple minis unresolvably close together in time. 3.0 mM MgCl 2 was substituted for 3.0 mM CaCl 2 . Zero-Ca 2/ -This low frequency of random occurrences is critical for our analycontaining external solutions used during internal perfusion and sis, and so, when we analyzed cells in which latrotoxin application latrotoxin application had the same substitution as well as 0.5 mM or Ca 2/ perfusion resulted initially in a mini frequency much higher bis-(o-aminophenoxy)-N,N,N,N-tetraacetic acid (BAPTA) or than 1 Hz, minis were not analyzed until the frequency had run EGTA to remove any residual Ca 2/ . Additionally, 61 mM Ndown to approximately this level (see Fig. 5 for example). Unless methyl-glucamine was substituted for 61 mM sodium to prevent a otherwise stated, all data are presented as means { SD. Amplitude reduction in internal free Ca 2/ by the Na / /Ca 2/ exchanger (Gleadistributions were only measured during periods when the amplison et al. 1994). The same internal solution used to generate depotude distribution was stationary and there was not an obvious slowlarization-evoked minis was used during bath applications of latroing of the minis due to resealing of the patch, which occasionally toxin. All buffered Ca 2/ -containing solutions used for internal peroccurred at high internal Ca 2/ concentrations (2 mM). A minimum fusion experiments contained (in mM) 135.0 CsCl, 5.0 TEACl, of 60 events, and more typically ú100 events, were collected in 10.0 HEPES, and either 5.0 Cs 4 BAPTA (1 and 50 nM free Ca 2/all amplitude distributions used to compare mini amplitude districontaining solutions) or 5.0 K 4 Br 2 BAPTA (200 nM and 2 mM free bution shapes between cells. The Mann-Whitney rank-sum test was Ca 2/ -containing solutions). The respective amounts of CaCl 2 and used to compare the means of two distributions. MgCl 2 required to achieve the desired free Ca 2/ and Mg 2/ concentrations were then calculated with the use of MaxChelator 6.0 (Bers et al. 1994) ; for the solutions used, these were as follows (in mM): 0.038 CaCl 2 , 1.99 MgCl 2 (1 nM free Ca 2/ ); 1.37 CaCl 2 , 2.35
Limits of statistical resolution
Our general approach has been to compare the properties of MgCl 2 (50 nM free Ca 2/ ); 0.54 CaCl 2 , 2.09 MgCl 2 (200 nM free mini amplitude distributions obtained under different experimental Ca 2/ ); and 2.74 CaCl 2 , 2.04 MgCl 2 (2 mM free Ca 2/ ). The buffers conditions (see below) with the properties of the uniquantal distriused were chosen for their fast binding of Ca 2/ (Tsien 1980) . bution expected if the synchronized release model is correct. We Whole cell recording of GABA A ergic autaptic minis was pertherefore summarize here the quantitative limits of this comparison. formed as described in Frerking et al. (1995) . In internal perfusion First, we consider the degree by which we expect our experimenexperiments, the holding potential of the cell was generally kept tal manipulations to reduce synchronized release. According to at 070 to 060 mV, well below the voltage at which depolarizationthe synchronized release model, depolarization-evoked minis occur evoked minis could be seen in the presence of external Ca 2/ . with a frequency limited by the opening of single Ca 2/ channels Currents from the patch-clamp amplifier (Axopatch 1A, Axon Inlocalized to the synaptic boutons. During the brief period of Ca 2/ struments) were analog filtered (4-pole Bessel filter) at a corner entry, the release probability at all sites within a bouton would be frequency of 1 or 2 kHz and sampled at a rate of 2 kHz during very high, leading to the likelihood that ú1 quantum would be recording to disk (Axotape, Axon Instruments). Voltage offsets released more or less simultaneously. In practice, for us to detect generated by junction potentials were not corrected. this as simultaneous release rather than a cluster of closely spaced a-Latrotoxin (1 nM; Calbiochem, La Jolla, CA) and ionomycin events, all release must occur within a 1-to 2-ms window, implying (5 mM; Calbiochem, La Jolla, CA) were added by bath application. that the instantaneous release rate from a single site during a Ca 2/ Because these compounds are reported to have irreversible effects, transient is somewhere between 100 and 1,000 Hz. In the experinew culture dishes were used after each application of these agents. mental condition where we elicit release with buffered internal Ca 2/ or latrotoxin, release rates from all sites would be constant but orders of magnitude lower than this range, and measurable as
Data analysis
the frequency of minis. Because under these conditions we observe minis at rates of Ç1 Hz per cell and we estimate Ç10 sites per Minis were detected and analyzed as described in detail previously (Frerking et al. 1995) . The threshold for mini detection cell (Borges et al. 1995) , we estimate a release rate of Ç0.1 Hz per site. At this rate the probability of two sites, by chance, releas-was determined by the noise level, and in no case were data from a cell used if the resolution of minis appeared to be noise limited. ing quanta within 2 ms of each other is negligible, implying that the observed mini amplitude distribution should correspond to the sured geometries of the longest dendrites of cells from which we recorded, similar in design and implementation to the one described uniquantal distribution.
If the synchronized release model is correct, we would expect in Frerking et al. (1995) . This model predicts that the exchange of buffer with cytoplasm occurs over several minutes, but that the properties of the uniquantal distribution to be given by the numerous quantal analyses that have been performed, the general within 30 s the concentration of buffer was ¢1 mM everywhere within the cell. Additionally, this model predicts that the free Ca 2/ conclusion of which is that the distribution is a Gaussian distribution (skew Å 0) with a coefficient of variation (CV) of õ30% concentration will equilibrate within the cell in Ç20 s, because this is the amount of time necessary for the exogenous buffer to (reviewed in Edwards 1995a,b; Stevens 1993) . Alternatively, if the synchronized release model is not correct, we would expect accumulate to such a degree that the ratio of bound to unbound buffer controls the free Ca 2/ concentration (data not shown). Be-the CV, skew, and shape of the mini amplitude distributions to be independent of the method by which minis are evoked, and identi-cause these two forms of exogenous buffer diffuse at the same rate, their ratio is expected to be roughly constant. Our final test cal to CV, skew, and shape of the depolarization-evoked mini amplitude distributions measured in Frerking et al. (1995) .
to see that internal perfusion occurs on a relevant time scale was to compare the predictions of the compartment model with a mea-To test the synchronized release model, then, we must have sufficient resolving power to distinguish between the properties of sured increase in fluorescence seen at the tip of a dendrite when Lucifer yellow CH (1 mg/ml) was included in the patch pipette. a Gaussian distribution and the distribution described in Frerking et al. (1995) . The CV and skew for each cell was averaged across We found that the model could reproduce the increase in fluorescence well, and the increase in fluorescence generally took Ç3-5 multiple cells to estimate the variability in these parameters and the averages were compared with average values for skew and min to stabilize ( n Å 5, data not shown). These three points suggest that the Ca 2/ concentration in the cytoplasm is buffered to near CV either from cells with depolarization-evoked minis or from 20 iterations of random sampling from a Gaussian distribution, with its calculated concentration by the start of our recording period, although we predict, on the basis of both the time course of the each iteration composed of 145 samples. The expectation of the synchronized release model is that the average CV and average increase in fluorescence during Lucifer yellow perfusion and the results from the compartment model, that the buffering capacity skew of the mini amplitude distributions evoked by buffered internal Ca 2/ perfusion or latrotoxin should not be resolvably different will increase during the course of recording from 1 to 5 mM. from the average CV and average skew obtained by repeated sampling from a Gaussian distribution, but should be different from Modeling Ca 2/ microdomains the average CV and average skew of mini amplitude distributions evoked by depolarization.
The influx of Ca 2/ into a synaptic bouton during spontaneous These simple expectations of the synchronized release model intracellular Ca 2/ release was estimated by modeling a radially are not supported by our data, but for completeness we have also symmetrical bouton as 10 compartments, each representing a conexamined the shapes of the mini amplitude distributions from each centric shell with a thickness of 50 nm centered on a spherical first cell, with the expectation that this distribution should be significompartment with a radius of 50 nm. Each compartment contained cantly different from the depolarization-evoked mini distribution preequilibrated concentrations of free Ca 2/ , free buffer, and bound from Frerking et al. (1995) if the synchronized release model is buffer, with a total buffer concentration of 2 mM for Br 2 BAPTA correct, and different from a Gaussian distribution if it is not. When or 50 mM for simulated native buffer, and an initial free Ca 2/ using this test, it is imperative to know what sample sizes are concentration of 200 nM. On a constant influx of Ca 2/ into the required to distinguish between the Gaussian uniquantal distribucentral compartment of the bouton, the concentration of each spetion inferred from quantal analysis and the mini amplitude distribucies in each compartment was calculated with the use of a separate tion generated by depolarization. The maximum difference bedifferential equation. The three differential equations in each comtween the cumulative frequency distributions of these two curves partment x were as shown in Eq. 1, A-C is Ç15%; using the Kolmogorov-Smirnov test statistic, we calculate that a minimum of Ç80 minis is required to distinguish be-
tween these two distributions with 95% confidence. As will be described below, all mini distributions with a sample size larger
than this value are significantly different from a Gaussian, allowing us to reject the synchronized release model as an explanation for
the large skew and variance of the mini amplitude distribution.
Characteristics of internal perfusion
In internal perfusion experiments, single cells were held in the
whole cell configuration, and internal solutions with buffered internal Ca 2/ were introduced into the cell via the patch pipette while the spontaneous occurrence of minis in the absence of external
Ca 2/ was observed. After patch rupture, there was a pause of 30-60 s before recording, during which time series resistance and capacitance corrections were applied. To check that the internal
solution exchanged with the cytoplasm during this period, three tests were performed. First, the cells were patched in the absence
of external Ca 2/ at a holding voltage of 060 to 070 mV so that the where Ca 2/ denotes free Ca 2/ , B denotes free buffer, and BCa minis seen after patch rupture could be unambiguously identified as denotes Ca 2/ -bound buffer. D y represents the diffusion coefficient due to the internal perfusate. It generally took Ç10 -30 s after patch rupture before an increase in mini frequency could be seen, of each species (D Ca 2/ Å 600 mm 2 /s; D B Å 171 mm 2 /s) (Adler et al. 1991) , k on represents the association rate constant of Ca 2/ and and the mini frequency always reached its maximum õ1 min after patch rupture (unpublished observation). Second, we generated a buffer (k on Å 608 mM 01 s 01 for BAPTA compounds) (Tsien 1980 Adler et al. 1991] , L is the thickness of each compartment (L Å 50 nm), A x is the surface area separating compartment x from compartment x / 1, and V x is the volume of compartment x. The three terms in each equation account for unbinding of Ca 2/ from buffer, binding of Ca 2/ to buffer, and diffusion of each species between compartments, respectively. The 30 simultaneous differential equations describing the bouton were solved with the use of a fourth-order Runge-Kutta routine in Mathcad 5.0/ (MathSoft, Cambridge, MA). The influx of Ca 2/ into the cytosol during Ca 2/ -induced Ca 2/ release (CICR) was modeled as the spontaneous influx of Ca 2/ into the central compartment for 2 ms through a single CICR channel with a current 10 times larger than the 0.8 pA estimated for single voltage-gated Ca 2/ channels in the plasma membrane (Roberts 1994) . This large single-channel current was chosen because the average single-channel conductance of intracellular Ca 2/ release channels is roughly 10 times that of voltage-gated Ca 2/ channels (Bezprozvanny and Ehrlich 1994; Hess et al. 1986; Tinker and Williams 1992) , and the duration of the influx was set at 2 ms because, assuming that the opening of a single channel causes rapid release of a quantum, the release of a second quantum elsewhere in the bouton must occur in õ2 ms to be unresolvable as a second, independent release event.
R E S U L T S Our general approach to testing the synchronized release model is to compare the minis evoked by mechanisms not involving Ca 2/ transients with both the Gaussian uniquantal distribution implied if the synchronized release model is FIG . 1. Depolarization-evoked minis require external Ca 2/ . A: relationcorrect and the depolarization-evoked mini amplitude distriship between autaptic mini frequency and membrane voltage for a represenbution described in Frerking et al. (1995) . First, we consider tative cell. Minis first start to occur at around 050 mV, and increase in whether the properties of depolarization-evoked minis are frequency as membrane is depolarized. Frequency was measured as average consistent with the synchronized release model. Second, we number of minis observed in response to iterated depolarizations from a the absence of external Ca 2/ . Finally, we compare depolarlular solution was replaced with a solution containing no Ca 2/ , minis were ization-evoked minis with those evoked by the Ca 2/ -indeabolished (middle trace). This effect is unlikely to be due to changes in pendent actions of a-latrotoxin. postsynaptic responsiveness, because minis can be seen in the absence of Ca 2/ , on internal perfusion of Ca 2/ , and on bath application of latrotoxin (see below). Holding potential for this cell: 045 mV.
Minis evoked by depolarization require external Ca 2/
Before we can test the synchronized release model, we must confirm that the minis evoked by depolarization depend within 10-30 s after patch rupture, a pronounced increase on Ca 2/ influx. Two experimental observations suggest that in the frequency of minis occurred in the absence of external they do. The first observation is that the frequency of autaptic Ca 2/ . Minis were qualitatively similar in both time course mini release is steeply dependent on the holding potential. and mean conductance to those evoked by depolarization, The potential at which the frequency of minis detectably with the exception that mini frequency was no longer sensiincreased was in the range 055 to 045 mV in the six cells tive to changes in holding voltage. in which this effect was carefully quantified, as shown by a It seems likely that the minis observed were evoked by representative cell in Fig. 1A . This range corresponds the increase in internal free Ca 2/ , but to be certain on this roughly to the foot of the activation curve for voltage-gated point we used several internal free Ca 2/ concentrations with Ca 2/ channels in these cells (Gleason et al. 1994) . The the expectation that higher free Ca 2/ concentrations would second observation suggesting that minis require Ca 2/ influx elicit higher mini frequencies. Because of the short time is that autaptic minis evoked by depolarization were abolwindow over which we recorded minis and the technical ished by removal of external Ca 2/ (n Å 16; Fig. 1B ). These difficulties inherent in changing the solution inside the patch results indicate that the minis we have previously described pipette, each cell was examined in the presence of only one are Ca 2/ influx dependent, indicating that the synchronized internal free Ca 2/ concentration, and data from different release model can be tested with the use of the amacrine cells were averaged together to produce an estimate of the cell system. mini frequency at each free Ca 2/ concentration. Because at high internal free Ca 2/ concentrations rapid rundown of mini Internal perfusion of Ca 2/ elicits minis frequency was observed (data not shown), we characterized mini frequency by measuring the average maximum rate of A total of 50 single amacrine cells was internally perfused with Ca 2/ -containing solutions. In a majority of these cells, release seen in each cell.
The summary of these experiments is shown in Fig. 2 . At internal free Ca 2/ concentrations of Ç1 nM, essentially no minis were observed. As expected, the maximum mini frequency increased with the free Ca 2/ concentration. Surprisingly, though, the mean mini frequency was detectably greater than zero with as little as 50 nM internal free Ca 2/ .
Our results to this point suggest that our proposed experimental approach is valid; internal perfusion of buffered, low concentrations of Ca 2/ can elicit minis in the absence of external Ca 2/ and influx-induced microdomains of high Ca 2/ . We now test the synchronized release model by examining the mini amplitude distribution evoked by internal Ca 2/ perfusion and comparing it with the mini amplitude distribution evoked by depolarization and Ca 2/ influx across the plasma membrane.
Minis induced by internal perfusion of Ca 2/ are highly variable in amplitude
Like depolarization-evoked minis, those evoked with internally perfused Ca 2/ had a broad range of amplitudes, and frequently minis were observed with peak amplitudes much larger than the modal peak amplitude. To carefully compare perfusion-evoked minis with depolarization-evoked minis, six cells with an internal free Ca 2/ concentration of 200 nM were chosen. These cells had recording periods sufficient to collect a reasonable number of minis ( ú60), but had release frequencies small enough to approximate the 1 Hz in our previous analysis of depolarization-evoked minis (Frerking et al. 1995) .
As can be seen in Fig. 3A , the distributions of each of these six cells have mean amplitudes that vary widely, like in these cells (Frerking et al. 1995) and others (Liu and distributions, there is a pronounced skew toward large events, and in no case was the coefficient of variation (CV) less than Ç50% (not shown). B: average CVs (left) compared for 3 groups: cells with minis evoked by internal Ca 2/ perfusion (open bar; n Å 6), multiple iterations of 145 random events drawn from a Gaussian distribution (black bar; n Å 20), and cells with minis evoked by depolarization (gray bar; n Å 25). Also shown are average standardized skews for the same groups (right). Results are shown as means { SE. C1: same 6 distributions as shown in A, standardized with respect to their individual means and SDs. None of the 6 standardized distributions shown is significantly different from their average, or from any of the others. C2: the 6 distributions from C1 pooled together to produce estimated shape of mini distribution of perfusion-evoked minis (n Å 870). Pooled standardized distribution of depolarization-evoked minis from Frerking et al. 1995 is also shown (n Å 3,364); the 2 distributions are not significantly different despite large sample sizes in both cases, with maximum difference in cumulative relative frequency of õ2%. Dotted line: shape of Gaussian distribution for comparison. Tsien 1995) . This large intercell variability in mean amplitude prevents a comparison of mean amplitudes between experimental groups with any statistical power (but see below); however, neither the CV nor the skew was as variable between cells. The CVs of mini distributions evoked by internal Ca 2/ perfusion (averaging 57 { 10%, mean { SE; Fig. 3B , open bars; n Å 6) were clearly larger than the CVs FIG . 2. Release of perfusion-evoked minis depends on free Ca 2/ con-expected if the mini distribution of each cell under these centration. Relationship between estimated free Ca 2/ concentration in cell conditions was equivalent to 145 random samples from a and average maximum frequency of minis in multiple cells examined at Gaussian distribution with a CV of 30%, as would be implied that concentration is shown. Number of cells used to construct each point: by numerous quantal analyses if the synchronized release n Å 20; see METHODS ); however, they were not resolvably different from the CVs of mini distributions evoked by depolarization (averaging 58 { 11%; Fig. 3B , gray bars; n Å 25). The distributions also retained a significant skew; as with the CV, the average skew of mini distributions evoked by internal Ca 2/ perfusion (1.8 { 0.3; Fig. 3B , open bars; n Å 6) was much greater than expected if the underlying mini distribution was Gaussian (0.02 { 0.10; Fig. 3B , black bars; n Å 20), but not resolvably different from that of mini distributions evoked by depolarization (1.9 { 0.9; Fig. 3B , gray bars; n Å 25). Finally, five of the six perfusion-evoked mini amplitude distributions were significantly different from a Gaussian distribution; the one cell that was not significantly different from a Gaussian distribution had such a small sample size (63 minis) that this lack of significance is in fact expected (see METHODS ).
This comparison of skew and CV between experimental groups and simulated expectations rules out the possibility that the mini distributions evoked by internal Ca 2 (q) . In the presence of 2 mM partially loaded Br 2 BAPTA, free Ca 2/ concould be compared with high resolution. To compare the centration exceeds 2 mM only in a region õ150 nm from the site of Ca 2/ flux (). Because the K d of all known synaptic release processes is much shapes of perfusion-and depolarization-evoked minis, we higher than 2 mM, release outside this 150-nm radius area is highly improbatook advantage of the observation that depolarization-evoked ble even with a large flux through a single CICR channel (roughly 10 times mini distributions from different cells are not resolvably difthat of voltage-gated Ca 2/ channel). ferent when standardized to a common mean and variance (Frerking et al. 1995) .
200 nM (not shown). These results strongly suggest that This standardization procedure is useful for two reasons. synchronized release does not generate the shape or variance First, it allows a model-independent comparison of the of the mini distribution. shapes of the mini distributions between cells. Second, it provides a method by which minis from multiple cells can Could Ca 2/ release from internal stores synchronize be pooled together to produce large sample sizes and high release? resolution of the shape of the mini distribution. We therefore tested to see whether, like amplitude distributions of depolar-
The experiments in which internally perfused buffered ization-evoked minis, perfusion-evoked mini amplitude dis-Ca 2/ was used rule out the possibility that transient Ca 2/ tributions from different cells could be standardized to a microdomains inside the cell could be generated by influx common shape. As shown in Fig. 3C1 , none of the mini across the plasma membrane. It is nevertheless possible that distributions shown in Fig. 3A were significantly different Ca 2/ release from internal stores could create Ca 2/ microdofrom the average of all of them, or from any of the other mains in the absence of external Ca 2/ . An alternative model, five, after standardization. This observation allows us to pool then, which would be consistent with our data, might propose together the standardized minis from all six cells to produce that our internal perfusion of Ca 2/ does not provide a suffia pooled standardized distribution with a much larger sample cient concentration of Ca 2/ to allow quantal release, but size (n Å 870) and therefore better resolution of the shape minis occur during our internal perfusion of Ca 2/ because underlying the mini distribution. When this pooled standardthe perfused Ca 2/ is sufficient to cause occasional single ized distribution of perfusion-evoked minis is compared with channel ''blips'' of CICR from internal stores, similar to that of depolarization-evoked minis described previously those observed elsewhere (Cheng et al. 1993; Parker and (data from Fig. 4C ; n Å 3,364) (Frerking et al. 1995) , the Yao 1996). Because these Ca 2/ blips would generate microtwo distributions are not significantly different (Fig. 3C2 , domains of high Ca 2/ in the absence of extracellular Ca 2/ , ; P ú 0.2). For comparison, the shape of a Gaussian the minimum concentration of Ca 2/ required to elicit minis distribution is also shown (Fig. 3C2, dotted line) .
could be several orders of magnitude higher than our results We have emphasized the results obtained with 200 nM suggest, and the mini distribution might still contain Ca 2/ internal free Ca 2/ , but the results obtained with this Ca 2/ microdomain-dependent multiquantal minis that increase the concentration were reproduced at other internal free Ca 2/ skew and variance of the mini distribution. concentrations, and neither 50 nM internal free Ca 2/ nor 2 This alternative model is difficult to address experimen-mM internal free Ca 2/ produced pooled standardized mini tally. No specific inhibitors of release from all types of internal stores exist, nor is there agreement about the number of distributions that were significantly different from that at J114-7 / 9k19$$se12 08-09-97 10:45:08 neupa LP-Neurophys internal Ca 2/ stores. Additionally, we have no assay by which we could reliably confirm that an inhibitor of CICR blocks CICR during our experiments. However, the buffer present in the cell during our experiments should restrict the range of any Ca 2/ microdomain, regardless of its source. If the range of the microdomain is sufficiently restricted, neighboring release sites would be effectively isolated from each other even if individual CICR sites were tightly colocalized with release sites. The degree to which the buffer restricts any possible CICR-induced microdomains can be estimated by modeling the diffusion of Ca 2/ into cytoplasm loaded with buffer. To maximally restrict the diffusion of Ca 2/ away from release sites and simplify modeling, we assumed that release sites are located in diffusionally isolated spherical synaptic boutons with a diameter of 1 mm, smaller than GABAergic boutons from other cells and comparable in size with the dendrite diameter in these cells (Frerking et al. 1995; , and that CICR occurs within the center of these boutons. These conditions maximize homogeneity in Ca 2/ concentration, thereby maximizing the ability of the release sites within the bouton to act as a single cooperative unit.
The spatial range of the increase in free Ca 2/ at the end of the simulated CICR blip, a 2-ms Ca 2/ current of 8 pA, was modeled under two separate conditions: in the presence of our conservatively estimated native buffer (equivalent to 50 mM BAPTA) and in the presence of 2 mM partially loaded Br 2 BAPTA, which roughly corresponds to the minimum expected concentration of exogenous buffer present in our experimental conditions. Figure 4 shows the expected free Ca 2/ concentrations under the two conditions after 2 ms of Ca 2/ influx. In the presence of only native buffer, FIG . 5. Latrotoxin induces minis in the absence of external Ca 2/ . A: depothe expected free Ca 2/ concentration everywhere within the larization-evoked minis were recorded in the presence of extracellular Ca 2/ in bouton rose to a concentration ú100 mM (Fig. 4, q) . In a representative cell held at 045 mV. As expected, when Ca 2/ was replaced with Mg 2/ , these depolarization-evoked minis were blocked. However, after the presence of exogenous buffer (Fig. 4, ) , the expected roughly 90 s of bath-applied a-latrotoxin (1 nM) in the absence of external free Ca 2/ concentration was only ú2 mM within a õ150-Ca 2/ , a rapid increase in frequency of minis was observed. In this cell, minis nm radius of the CICR site. This result indicates that Ca 2/ appear to decrease in frequency when latrotoxin is removed, but frequency microdomains would be highly restricted by the presence of rundown when observed in other cells is independent of whether latrotoxin was present or not, and could not be reversed even when Ca 2/ was replaced our exogenous buffers and implies that, to be compatible in bath. For these reasons, we believe that this frequency rundown represents with synchronized release, multiple release sites would have a latrotoxin-induced depletion of available quanta, as described elsewhere to be tightly clustered around a single CICR site, all con- (Hurlbut et al. 1990) . B: as in Fig. 3B , CVs (left) and standardized skews tained within a small fraction (5-10%) of the total volume (right) are shown for 3 groups: cells with latrotoxin-evoked minis (open bars; of the bouton. Such a close colocalization of all of the ren Å 7), multiple iterations of 145 random samples from a Gaussian distribution (black bars; n Å 20), and cells with depolarization-evoked minis (gray bars; quired components seems implausible, but we cannot rigorn Å 25). Results are presented as means { SE. C: pooled standardized mini ously rule this possibility out. We have therefore also examamplitude distribution from latrotoxin-evoked mini distributions of 7 cells (n Å ined minis elicited by Ca 2/ -independent means. 1,070). Pooled standardized distribution of depolarization-evoked minis from Frerking et al. (1995) is also shown (n Å 3,364); as with perfusion-evoked minis, the 2 distributions are not significantly different. In addition, there is Ca 2/ -independent minis are highly variable in amplitude no significant difference between pooled standardized amplitude distributions of perfusion-evoked minis and latrotoxin-evoked minis (not shown). LTx, The active component of black widow spider venom, alatrotoxin. latrotoxin, is known to cause both Ca 2/ -dependent and Ca 2/ -independent release of neurotransmitter in a wide range of central and peripheral neurons, as well as synapto-al. 1994) by an unknown mechanism. We therefore examined the Ca 2/ -independent effects of this toxin on minis. somes (reviewed in Geppert et al. 1994; Petrenko 1993) . The Ca 2/ -dependent actions of latrotoxin are probably gen-To remove the Ca 2/ -dependent effects of latrotoxin, we examined its effects in the absence of external Ca 2/ . As erated by the actions of this secretagogue as a cation ionophore (Filippov et al. 1994; Wanke et al. 1986 ), but latro-shown by a representative cell in Fig. 5A, bath (Hurlbut et al. chronized release. However, one unsatisfactory feature of our data analysis is that the standardization procedure that 1990). The ability of latrotoxin to evoke Ca 2/ -independent minis provides us with a powerful method for testing the allows us to compare mini amplitudes between different cells removes information about the mean and variance of the synchronized release model.
Like depolarization-and perfusion-evoked mini distribu-mini distribution. The CV of the mini distribution is not widely variable between cells, allowing this parameter to be tions, the CVs and skews of latrotoxin-evoked mini amplitude distributions (averaging 54 { 7% and 1.7 { 0.6, respec-compared between experimental groups independent of our analysis of the standardized mini distribution shape, but the tively; Fig. 5B, open bars; n Å 7) were not resolvably different from depolarization-evoked mini distribution CVs and mean mini amplitude is too variable for a comparison between the small groups of cells examined here to have any skews (averaging 58 { 11% and 1.9 { 0.9, respectively; Fig. 5B, gray bars) , but were much larger than the CVs and resolving power. To remedy this shortcoming, we have compared the mean mini amplitudes of minis evoked by two skews expected if the distributions were Gaussian with a CV of 30% (averaging 31 { 2% and 0.02 { 0.10, respec-different methods in the same cell.
The difficulties in altering the internal perfusate precluded tively; Fig. 5B, black bars) . Also like depolarization-and perfusion-evoked minis, the differences in mini amplitude a direct comparison of mean mini amplitudes evoked by internal perfusion with those evoked by other methods, but distributions between cells were removed by standardizing the mini distributions with respect to their individual means in four cells (see Fig. 5 A) minis were evoked by depolarization, and then this stimulus was blocked by replacing exter-and SDs (data not shown). None of the seven standardized mini distributions examined was significantly different from nal Ca 2/ with Mg 2/ and minis were evoked by bath application of latrotoxin. Surprisingly, the mean mini amplitude of the average of all of them, and when the mini distributions of individual cells were compared, 19 of the 21 possible latrotoxin-evoked minis was significantly smaller than that of depolarization-evoked minis (Fig. 6A ; rank-sum test) in paired comparisons showed no significant differences. As with perfusion-evoked minis, the pooled standardized distri-three of the four cells examined, even though the standardized mini distributions were not resolvably different between bution of latrotoxin-evoked minis was not significantly different from that previously generated from depolarization-stimuli for any of the four cells examined (Fig. 6B ; Kolmogorov-Smirnov test). On average, mini amplitudes evoked evoked minis (Fig. 5C ). Finally, all of the individual cells examined, as well as the pooled results from all seven, were by latrotoxin were 78 { 13% of the mini amplitudes evoked by depolarization (mean { SE; Fig. 6E ). significantly different from a Gaussian distribution. We conclude that the shape and variance of the mini distribution This discrepancy in mean amplitudes might seem to favor the synchronized release model, but in fact its origin are independent of transient Ca 2/ fluxes into the cytoplasm.
Although latrotoxin-evoked minis occur in the absence of lies in an effect of divalent cations on postsynaptic currents as shown in experiments comparing whole cell cur-external Ca 2/ , it might be supposed that latrotoxin could somehow get across the plasma membrane into the cytoplasm and, rents evoked by bath application of GABA in the presence and absence of external Ca 2/ . Bath application of 3 mM acting as a cation ionophore, evoke minis by the release of calcium from internal stores. This possibility could invalidate GABA generated inward currents that were completely blocked by bicucculine ( unpublished observation ) . Peak our claim that latrotoxin-evoked minis are Ca 2/ independent. We think it unlikely that latrotoxin could translocate completely responses to repeat applications of GABA were compared in the presence and absence of extracellular Ca 2/ , and the across the plasma membrane, because this protein is large (130 kD) and hydrophilic; however, to test this possibility, we reason peak response was consistently found to be smaller in the absence of extracellular Ca 2/ ( Fig. 6C ; n Å 6 ) . The peak that if the ability of latrotoxin to evoke transmitter release in the absence of external Ca 2/ depends on the action of latrotoxin GABA current in the absence of extracellular Ca 2/ was, on average, 72 { 4% ( mean { SE ) of the peak GABA as a Ca 2/ ionophore, then we would expect other Ca 2/ ionophores that are thought to cause internal Ca 2/ release (Dol-current in the presence of extracellular Ca 2/ ( Fig. 6 E ) , and this reduction in GABA current on removal of extra-metsch and Lewis 1994) to similarly cause transmitter release in the absence of external Ca 2/ . We therefore examined the cellular Ca 2/ is not significantly different from the reduction in mini amplitude seen above. Moreover, we found ability of ionomycin to induce release in the absence of external Ca 2/ , on the grounds that this compound is smaller and more that in the continued presence of 3 mM GABA, removal of extracellular Ca 2/ also reversibly reduced the GABA hydrophobic than latrotoxin and therefore at least as likely to cross the plasma membrane and permeabilize internal mem-currents ( Fig. 6 D1; n Å 6 ) . As expected, removal of extracellular Ca 2/ had no appreciable effect on baseline branes. Bath application of ionomycin (5 mM) was not competent to cause transmitter release in the absence of external Ca 2/ currents in the absence of GABA ( Fig. 6 D2; n Å 6 ) . The steady-state GABA current in the absence of extracellular over a period of up to 3-4 min, although ionomycin could generate voltage-independent minis on addition of external Ca 2/ was 73 { 3% ( mean { SE ) of the steady-state GABA current in the presence of extracellular Ca 2/ , and Ca 2/ , as expected (n Å 5; data not shown). This result suggests that the actions of latrotoxin in the absence of external Ca 2/ this reduction was also not significantly different from that of the peak GABA currents or from that of minis cannot be accounted for by release from internal Ca 2/ stores. evoked by latrotoxin in the absence of extracellular Ca 2/ Mini amplitude depends on the external divalent when compared with depolarization-evoked minis in the composition presence of extracellular Ca 2/ ( Fig. 6 E ) . These experiments demonstrate that GABA-evoked cur-Our evidence to this point suggests that the skew and variance of the mini distribution are not generated by syn-rents are sensitive to the divalent composition of the extracel- (Fig. 6E ), a value not significantly different from any other effects described above. We conclude that removal of extracellular Ca 2/ (or alternatively an increase in extracellular Mg 2/ ) causes a reduction in postsynaptic responses to GABA by an unknown mechanism. The magnitude of this effect is similar to that seen when comparing latrotoxin-evoked minis in the absence of extracellular Ca 2/ with depolarizationevoked minis in the presence of extracellular Ca 2/ , suggesting that when these postsynaptic effects of altering the divalent concentration are taken into account, the latrotoxinevoked minis are likely to have the same mean amplitude as depolarization-evoked minis in the same cells.
D I S C U S S I O N

Low concentrations of internal free Ca 2/ can evoke transmitter release
Our experimental observations suggest that a detectable level of transmitter release can be induced at intracellular free Ca 2/ concentrations in the range of 10-100 nM. The concentrations of free Ca 2/ that detectably evoked minis in our experiments are similar in magnitude to the estimated resting concentration of free Ca 2/ in the cytoplasm (Borges FIG . 6. Mean mini amplitude is affected by divalent composition of extraet al. 1996) . It is frequently argued that spontaneous minis cellular solution. A: amplitude distributions for minis evoked under 2 different are Ca 2/ independent because the removal of external Ca 2/ conditions in same cell: first, minis were evoked by depolarization in presence of extracellular Ca 2/ , and subsequently, minis were evoked by latrotoxin when or the addition of voltage-gated Ca 2/ channel blockers does this Ca 2/ was replaced with Mg 2/ . Latrotoxin-evoked minis are significantly not prevent spontaneous release (reviewed in Edwards smaller than depolarization-evoked minis. B: although minis evoked under the 1995b); however, this correspondence of measured resting 2 experimental conditions in A have different mean amplitudes, standardized Ca 2/ levels and the level of intracellular Ca 2/ required to mini amplitude distributions of same minis are not resolvably different. C: bath application of 3 mM g-aminobutyric acid (GABA) evokes currents sensitive to evoke release suggests that spontaneous minis may be Ca 2/ extracellular divalent composition. GABA evokes whole cell inward currents dependent even if they are not Ca 2/ influx dependent. in a representative cell held at 060 mV ( ). On replacement of extracellular Ca 2/ with Mg 2/ , currents evoked by a 2nd application of GABA are reduced (r r r). Reduction is reversible on readdition of Ca 2/ (---). Currents have Latrotoxin-evoked minis are indistinguishable from been aligned at their onsets (f ). Scale bar: 20 pA, 1 s. D1: replacement of depolarization-evoked minis extracellular Ca 2/ with Mg 2/ reversibly reduces amplitude of whole cell responses to continuously applied 3 mM GABA. Scale bar: 40 pA, 5 s. D2:
We have found that, as in other central neurons in culture, replacement of extracellular Ca 2/ with Mg 2/ does not alter baseline currents latrotoxin can evoke transmitter release even in the absence in the absence of GABA. Same scale as in D1. E: reduction in mean mini of extracellular Ca 2/ (Capogna et al. 1996a,b; Geppert et amplitude seen when minis evoked by latrotoxin in the absence of external Ca 2/ are compared with those evoked by depolarization in the presence of al. 1994; Grasso and Mercanti-Ciotti 1993) . The minis external Ca 2/ is not significantly different from reduction in mean mini amplievoked by latrotoxin are highly variable, and our results tude seen between minis evoked by same method (internal perfusion) in the suggest that these minis are indistinguishable from minis absence and presence of extracellular Ca 2/ , or from reduction in whole cell evoked by depolarization. At the neuromuscular junction GABA peak and steady-state responses caused by removal of extracellular Ca 2/ . This suggests that reduction in mini amplitude seen in A is due to a there is a roughly one-to-one correspondence between the postsynaptic effect of altered divalent composition, rather than to a difference number of vesicles released by latrotoxin and the number in mechanism underlying minis evoked by latrotoxin and depolarization. of minis evoked by latrotoxin (Hurlbut et al. 1990) , and if central neurons have an analogous site of action for latrotoxin, then it seems plausible that a mini in our cells is lular solution, and moreover that the magnitude of this effect is large enough to account entirely for the discrepancy in generated by the release of a single vesicle, although this rough correspondence does not have sufficient resolution to mini amplitudes described above, but to be certain that mini amplitude can be altered postsynaptically by the divalent state unambiguously that all minis are due to release of single vesicles. We also note that depolarization-evoked release, composition we examined perfusion-evoked minis in the presence and absence of extracellular Ca 2/ when cells were spontaneous minis, and minis evoked by latrotoxin can all be blocked by botulinum toxin (Capogna et al. 1996b ), held at 070 mV to prevent Ca 2/ influx-evoked minis. In all four cells examined, the mean amplitude of perfusion-suggesting that all of these types of release have a similar biochemical cascade in the final steps preceding vesicle it has been reported that this ionophore can release Ca 2/ from intracellular stores (Dolmetsch and Lewis 1994) , the fusion.
We used a-latrotoxin as a tool to examine the synchro-lack of effect of ionomycin on mini frequency suggests that either Ca 2/ stores are not colocalized with release sites well nized release model, but our experiments using this toxin have additional implications for the nature of minis. It has enough for the released Ca 2/ to support vesicle fusion, or alternatively that the Ca 2/ stores drain rapidly in the absence recently been proposed that minis might be the result of a lower concentration of transmitter than stimulus-evoked of external Ca 2/ to replenish them and are therefore empty under these conditions. In support of this second possibility, events, if stimulus-evoked events were due to full vesicle fusion but minis were due to ''kiss-and-run'' exocytosis, in internal Ca 2/ stores in these cells seem to have a small capacity (Borges et al. 1996) . which incomplete vesicle fusion causes only partial release of vesicular contents (Clements 1996) . If the concentration A third argument against the involvement of internal Ca 2/ stores is that in our experiments with internally perfused of transmitter during stimulation was saturating but the concentration during spontaneous release was not, this might Ca 2/ , the concentration of buffer present in our internal solution restricts the spatial profile of the microdomain to provide a novel explanation for the discrepancy between the variance of minis and the results of quantal analysis (Clem-such a degree that a coordination of transmitter release from multiple sites could only be achieved if the single Ca 2/ ents 1996). However, this explanation requires that minis generated by full vesicle fusion must have less variance release site and multiple active zones were all within Ç300 nm of each other with no diffusional barriers. For reference, than those generated under more ''conventional'' conditions. Latrotoxin is known to induce full vesicle fusion, because this distance is roughly equal to the diameter of a single postsynaptic density in CA1 cells of the hippocampus (Har-latrotoxin depletes the presynaptic terminal of morphologically identifiable synaptic vesicles (Hurlbut et al. 1990; ris and Stevens 1989) or six synaptic vesicles lying side by side, and such a close apposition of multiple transmitter Matteoli et al. 1988) . A specific prediction of this model, then, is that minis evoked by latrotoxin should be less vari-release sites with a Ca 2/ release site is highly improbable, even in boutons with multiple release sites (see Sorra and able than minis evoked by other methods. Contrary to this prediction, both the CV and shape of the amplitude distribu-Harris 1993).
The final argument against an involvement of internal tion of minis evoked by latrotoxin were indistinguishable from those of minis evoked by other methods. We conclude Ca 2/ stores in generating variance in mini amplitude is that the minis evoked by latrotoxin appear to be Ca 2/ indepen-that incomplete vesicle fusion is not a significant source of variance in mini amplitude.
dent, yet latrotoxin-evoked mini amplitude distributions have a large CV and a prominent skew. We note that, if our assessment of latrotoxin-evoked minis as Ca 2/ independent Ca 2/ influx is not required to produce the skew or is correct, our results rule out not only multiquantal minis variance of the mini distribution coordinated by Ca 2/ at adjacent release sites, but also the recent proposal that the variance and skew in the mini distri-The ability of our internal solutions to elicit minis in the absence of Ca 2/ influx has allowed us to determine whether bution is due to a Ca 2/ -dependent coordination of multivesicular release at single release sites (Bennett et al. 1995) . Ca 2/ influx during depolarization-evoked release synchronizes adjacent release sites to generate a large number of Our results suggest strongly that Ca 2/ influx does not coordinate the release of quanta from multiple release sites, multiquantal events. If this were the case, we would expect to see the mini distribution evoked by internal Ca 2/ perfu-but our experiments do not rule out a Ca 2/ -independent coordination of release. However, three considerations limit sion or latrotoxin in the absence of external Ca 2/ collapse into a Gaussian distribution with a CV equal to that implied enthusiasm for this possibility. The first is that the only endogenous signal known to directly promote quantal trans-by quantal analysis (õ30%). Contrary to this expectation, mini distributions under these conditions are significantly mitter release is Ca 2/ . Second, the time window over which this putative signal would have to be synthesized, diffuse, skewed, have a CV averaging ú50%, and are indistinguishable in shape, skew, and CV from depolarization-evoked and exert its actions is maximally 2 ms, making a biochemical event unlikely. Third, production of this putative signal mini distributions, making it unlikely that a Ca 2/ -influx dependent release of multiple quanta at different sites could would have to be stimulated similarly by all three methods we have used to evoke minis, even though these methods account for the skew and variance of the mini distribution.
An alternative explanation for the skew of the mini distribu-are mechanistically unrelated. Because these considerations make it unlikely that multiquantal minis are generated by tion in the absence of external Ca 2/ could be that the microdomains necessary to synchronize release are generated under a Ca 2/ -independent mechanism, and our data suggest that multiquantal minis are not generated by Ca 2/ influx, we these circumstances by Ca 2/ release from internal stores instead of by Ca 2/ influx across the plasma membrane. Four considera-suggest that the mini amplitude distribution is uniquantal.
Our results indicate that minis are uniquantal, but because tions make it unlikely that such microdomains could explain our results. The first is that anatomic studies have indicated that a quantum is defined as the output of a single release site and not as the output of a single vesicle at a single release small synaptic boutons lack endoplasmic reticulum, making it unlikely that there is Ca 2/ release from internal stores in the site, we cannot say with certainty that minis are responses to the release of single vesicles of transmitter. There is cur-first place (reviewed in Edwards 1995b).
A second argument against this idea stems from our obser-rently no direct measure of the number of vesicles that make up a quantum, and it is beyond the scope of this paper to vation that ionomycin does not cause an increase in the frequency of minis if extracellular Ca 2/ is removed. Because determine whether or not minis are univesicular; however, J114-7 / 9k19$$se12 08-09-97 10:45:08 neupa LP-Neurophys by 10.220.33.2 on October 29, 2016 http://jn.physiology.org/ Downloaded from we note that even if multivesicular release at a single site of the ''typical'' central neuron. First, putative uniquantal events desynchronized by bath application of Sr 2/ are not occurs, it could not contribute significantly to the variance in mini amplitude unless postsynaptic receptors were not significantly different from minis in hippocampal CA1 pyramidal cells (Oliet et al. 1996) . Second, adenosine and baclo-saturated during quantal transmitter release and the output of single release sites was highly variable. Our conclusion fen, which both inhibit release presynaptically, decrease non-N-methyl-D-aspartate-receptor-mediated mini frequency but that uniquantal events are highly variable is therefore independent of the number of vesicles that comprise a quantum. do not affect mean mini amplitude in either hippocampal CA3 cells (Scanziani et al. 1992) or cerebellar Purkinje cells One general concern in evaluating our results is that our experiments have been performed on isolated neurons in (Dittman and Regehr 1996) . Third, latrotoxin-evoked minis have the same mean amplitude as spontaneous minis in CA3 culture, whereas much of the quantal analysis which underlies the synchronized release model was performed in brain cells (Capogna et al. 1996b ). Finally, minis from zebrafish Mauthner cells retain a skewed amplitude distribution even slices. However, this difference in preparations limits the relevance of our conclusions only if the sources of variance in reduced Ca 2/ (Legendre and Korn 1994) . Each of these results is difficult to reconcile with the synchronized release in mini amplitude differ significantly between slices and culture. It is therefore of interest to note that many neurons model, but all are in agreement with our observations. appear to have mini distributions that are at least qualita- Trends Neurosci. 19: 163-171, 1996. least suggestive that our results may be more representative J114-7 / 9k19$$se12 08-09-97 10:45:08 neupa LP-Neurophys 
